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We have previously demonstrated that vaccination of mice with plasmid DNA vectors expressing immuno-
dominant mycobacterial genes induced cellular immune responses and significant protection against challenge
with Mycobacterium tuberculosis. We demonstrate here, using in vitro-synthesized RNA, that vaccination with
DNA or RNA constructs expressing the M. tuberculosis MPT83 antigen are capable of inducing specific humoral
and T-cell immune responses and confer modest but significant protection against M. tuberculosis challenge in
mice. This is the first report of protective immunity conferred against intracellular bacteria by an RNA vaccine.
This novel approach avoids some of the drawbacks of DNA vaccines and illustrates the potential for developing

new antimycobacterial immunization strategies.

It is estimated that one-third of the world’s population is
currently infected with Mycobacterium tuberculosis, and this
results in approximately 3 million deaths every year (19). The
only tuberculosis vaccine currently available is Mycobacterium
bovis bacillus Calmette-Guérin (BCG), but its efficacy varies,
particularly against the adult pulmonary form of the disease
(14). We have previously shown that vaccination of mice with
DNA vectors expressing several mycobacterial genes induced
cellular immune responses and significant protection against
challenge with M. tuberculosis (10, 22). Mycobacterial MPT83
is a dominant antigen during infection, and immunization of
mice with plasmid DNA expressing this antigen induced sig-
nificant immune responses and protection against challenge
with M. bovis (3). Both CD4*- and CD8"-T-cell subpopula-
tions are thought to contribute to the control of mycobacterial
infection (4), so a particularly useful aspect of plasmid DNA
immunization against tuberculosis is the effective induction of
specific CD8* T cells in addition to CD4*-T-cell responses.
However, a major concern with this strategy is the possibility of
obtaining homologous-recombination events leading to the ac-
tivation of cellular oncogenes or the inactivation of tumor
suppressor genes (6). An alternative strategy is the adminis-
tration of RNA-pulsed cells (2) or the injection of naked RNA
(9). In fact, evidence indicates that mRNA can be used for in
vivo genetic vaccination. Humoral immune responses were
elicited following intramuscular injection of in vitro-synthe-
sized RNA encoding human carcinoembryonic antigen (5),
and a large amount of antibody was produced after delivery of
human «-1-antitrypsin mRNA by gene gun into the epidermis
(17). More interestingly, virus-specific cytotoxic T lymphocyte
(CTL) responses were induced following immunization with
liposome-encapsulated, in vitro-synthesized RNA encoding in-
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fluenza virus nucleoprotein (12), and in vitro-synthesized, at-
tenuated infectious RNA has been used to induce protection
against lethal tick-borne encephalitis virus in mice (11). Here,
we used an RNA construct encoding the RNA replicase from
the Sindbis virus and the M. tuberculosis MTP83 gene and
tested the induction of protective immune responses in a mu-
rine model of virulent M. tuberculosis infection.

MATERIALS AND METHODS

Cell culture. The mouse tumor cell line P815 (European Collection of Cell
Cultures, Salisbury, United Kingdom) was grown in RPMI medium (Invitrogen-
Life Technologies, Paisley, United Kingdom) supplemented with 10% fetal calf
serum (FCS; Advanced Protein Products, Brierly Hill, United Kingdom). The
macrophage-like mouse tumor cell line J774 (European Collection of Cell Cul-
tures) was grown in Dulbecco’s modified Eagle’s medium (Invitrogen-Life Tech-
nologies) supplemented with 10% FCS, 2 mM L-glutamine, 10~ M 2-mercap-
toethanol (Sigma, Dorset, United Kingdom) and antibiotics (100 IU of
penicillin/ml and 100 pg of streptomycin/ml [Sigma]). The baby hamster kidney
(BHK; European Collection of Cell Cultures) cell line was grown in Dulbecco’s
modified Eagle’s medium supplemented with 5% FCS, 2 mM L-glutamine, 10>
M 2-mercaptoethanol (Sigma), and antibiotics (100 IU of penicillin/ml and 100
pg of streptomycin/ml).

MPT83 DNA and MPT83 RNA vectors. To obtain pPCMV4.83, we replaced the
hsp65 gene with the MPT83 gene in the vector pCMV4.65 (21) by cloning a
0.7-kb BamHI-NotI DNA fragment encoding the MPT83 antigen into BamHI-
Notl-digested pCMV4.65. This 0.7-kb DNA insert was generated by PCR using M.
tuberculosis H37Rv genomic DNA as the template and the following primers: For83
(5"-ATT GGA TCC GCC ATG ATC AAC GTT CGA GCC-3') and Rev83
(5'-TAT GCG GCC GCC GAA CGT TAC TGT-3"). Plasmid vectors pCMV3.83
and pMGD20.83 were constructed as described previously (24); plasmid vectors
were purified on QIAGEN (Dorking, United Kingdom) columns from Escherichia
coli DH5a (Clontech, Cambridge, United Kingdom) and Top10 (Invitrogen, Abing-
ton, United Kingdom). The MPT83 RNA construct used in our experiments was
synthesized in vitro with the plasmid pSinRep5.83 as the DNA template. This vector
was constructed as follows: the MPT83 gene from pCMV4.83 was digested with
Kpnl-Apal and cloned into the superlinker plasmid pSL1180 (Amersham-Phar-
macia Biotechnologies, Buckinghamshire, United Kingdom) to obtain
pSL1180.83. This vector was digested with Stul-Apal to release the MPT83 gene
and cloned into the pSinRep5 vector (Invitrogen). By cloning the green fluores-
cent protein (GFP) gene into the pSin Rep5 vector as described previously (24),
we constructed a control pSinRepSGFP-expressing vector.

Mycobacterial MPT83 expression and purification from E. coli cells. To ex-
press the mycobacterial MPT83 gene in E. coli, we cloned a BamHI-Xhol DNA
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fragment containing the MPTS83 gene, from pCMV4.83, into the pQE30 vector
(QIAGEN) to generate pQE30.83, as described previously (24). In this vector,
the MPT83 gene is in the same open reading frame as the polyhistidine-tagged
sequence, allowing easy purification of the fusion product. Plasmid pQE30.83
was transformed into E. coli M15, and transformants were selected on plates
containing ampicillin and kanamycin. The recombinant protein was purified from
the bacterial pellets by using nickel-nitrilotriacetic acid resin (QIAGEN); briefly,
the pellets were lysed with buffer A (8 M urea, 0.1 M NaH,PO,, 0.01 M Tris base
[pH 8.0]) on ice for 30 min, and then the solution was centrifuged at 12,000 X g.
Supernatants were loaded onto 8 ml of resin. The protein was eluted with a differ-
ent buffer (8 M urea, 0.1 M NaH,PO,, 0.01 M Tris-HCI [pH 5.9 to 4.3]). The re-
sulting fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The semipurified MPT83 protein was dialyzed and detoxified us-
ing a Slide-A-Lyzer dialysis cassette (Pierce & Warriner, Cheshire, United King-
dom).

Transient transfection of MPT83 DNA and MPT83 RNA vectors. CV1 or
BHK cells (1 X 10° to 2 X 10°) in 2 ml of the appropriate growth medium
supplemented with serum were plated in six-well culture plates. Transfections
were performed with Lipofectin (Life Technologies) and 4 to 6 pg of DNA or
RNA in accordance with the manufacturer’s instructions.

Generation of stably transfected cells expressing MPT83. To generate stably
transfected cells expressing MPT83, P815, and J774, cells were transfected with
Lipofectin (Life Technologies) as described previously (22), with linearized
pCMV4.83. Cells were selected with Geneticin (G418, 1 mg/ml; Life Technolo-
gies) for 1 month. Clonal isolates of G418-selected cells were prepared by
limiting dilution and were analyzed for MPT83 expression by reverse transcrip-
tion (RT)-PCR and Western blotting.

In vitro transcription of pSinRep583 or pSinRep5GFP. In vitro transcription
reactions with the SP6 transcription kit (Invitrogen), in accordance with the manu-
facturer’s instructions, were used to synthesize the recombinant RNA used for
the transfection or vaccination experiments. The purified RNA was capped, DNase
digested, phenol-chloroform extracted, and finally dissolved in RNase-free saline
solution to a final concentration of 1 mg/ml and stored at —70°C until use.

RNA isolation and RT-PCR. Total RNA from mouse tissue was isolated by
using RNazol B solution (AMS Biotechnology, Abingdon, United Kingdom) in
accordance with the manufacturer’s instructions. Tissue samples were first ho-
mogenized in RNazol B (2 ml per 100 mg of tissue) with a few strokes in a
glass-Teflon homogenizer. Cells were lysed by the addition of 0.1 ml of RNazol
B per 10° cells. A DNase treatment was included to avoid DNA contamination;
the reaction mix consisted of RNA samples in a solution of 60 nl of diethyl
pyrocarbonate (Sigma) water, 3.75 pl of 0.1 M MgSO,, 7.5 pl of 1 M sodium
acetate, 1 pl of RNase inhibitor (Promega, Southampton, United Kingdom), and
10 U of DNase I (Roche Diagnostic, East Sussex, United Kingdom). Diethyl
pyrocarbonate water (1.75 pl) was incubated at 37°C for 15 min, followed by a
phenol-chloroform extraction and RNA precipitation with ethanol. RT was car-
ried out as described previously (24). The MPT83 gene was amplified using the
following primers: the forward primer ATT GGA TCC GCC ATG ATC AAC
GTT CAG and the reverse primer TAT GCG GCC GCC GAA CGT TAC TGT.
The PCR program was 94°C for 45 s, 60°C for 45 s, and 72°C for 90 s for 30 cycles.
The final extension temperature was 72°C for 7 min. The resulting PCR product
was visualized by electrophoresis on 2% agarose gels.

Anti-MPT83 antibody levels. The specific anti-MPT83 antibody levels were
measured by enzyme-linked immunosorbent assay (ELISA), as described previ-
ously (24). Briefly, microplates (Maxisorp Nunc immunoplates; Nunc, Roskilde,
United Kingdom) were adsorbed with 1 pg of recombinant MPT83 protein in
100 pl of carbonate-bicarbonate buffer (pH 9.6). Plates were incubated at 37°C
for 1 h and then kept at 4°C overnight. They were then rinsed once with PBST
(20 mM NaH,PO4 and 150 mM NaCl [pH 9.2] containing 0.05% Tween 20) and
blocked with 5% powdered milk in PBST for 2 h at room temperature. The
plates were then washed, and 100 pl of diluted sera from vaccinated mice was
added and incubated for 1 h at room temperature. The plates were then exten-
sively washed with PBST and incubated for 2 h at 37°C with 100 pl of anti-mouse
immunoglobulin G conjugated to horseradish peroxidase (Dako, Cambridge-
shire, United Kingdom). The plates were again washed with PBST and incubated
with the substrate TMB (Life Technologies) for 30 min at room temperature,
and the reaction was stopped with 20 wl of 4 M sulfuric acid. Absorbance was
measured at 450 nm in an ELISA reader (Bio-Tek Instruments, Hertfordshire,
United Kingdom).

Cytokine assays. Pooled spleen cells or column (R&D Systems, Abingdon,
United Kingdom)-purified T cells from three to five mice were obtained after
four MPT83 DNA or MPT83 RNA injections. Cells were adjusted to a concen-
tration of 4 X 10° cells/ml and were cultured with or without syngeneic irradiated
spleen cells in round-bottom microwell plates (Nunc) by using RPMI medium
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supplemented with 2 mM glutamine, HEPES, 50 uM 2-mercaptoethanol, anti-
biotics (100 TU of penicillin/ml and 100 pg of streptomycin/ml), and 10% FCS.
The cells were cultured with the recombinant MPT83 protein or with MPT83
peptides at a final concentration of 10 pg/ml, and supernatants were harvested
after 24 h for interleukin-2 (IL-2) and after 72 h for gamma interferon (IFN-y).
Peptides were synthesized by solid-phase peptide synthesis. Supernatants from
three separate wells were pooled and stored at —20°C until assayed. IL-2 and
IFN-y levels were detected by using mouse cytokine ELISA kits (Amersham
International, Amersham, United Kingdom) in accordance with the manufac-
turer’s instructions.

CTL assay. To measure CTL activities, 2 weeks after completion of the
immunization procedures, single-cell suspensions of spleen cells from vaccinated
animals were obtained and depleted of erythrocytes in red blood cell lysis buffer
(Life Technologies). Cells were plated in 24-well plates, with 1X 10° to 5 X 10°
cells/ml in RPMI complete medium and with 1 X 10° to 5 X 10° J774-83 cells
irradiated (120 Gy) in the presence of recombinant IL-2 (50 TU/ml; Roche
Diagnostic) for 6 days. CD8 T cells harvested from the stimulated cultures were
tested for cytotoxic activity by JAM CTL assays as described previously (13).
Cell-specific lysis was calculated by the following formula: percent specific lysis =
(counts per minute for § — counts per minute for E/counts per minute for §) X
100, where E is retained DNA in the presence of killers and § is retained DNA
in the absence of killers. Thymidine-labeled P815.83 cells were used as targets.

Infection and immunization procedures. Female BALB/c mice from 6 to 8
weeks old were obtained from in-house animal facilities (National Institute for
Medical Research, London, United Kingdom). For DNA and RNA vaccinations,
mice were injected intramuscularly with 50 pg of plasmid DNA or RNA in 50 pl
of saline into each quadriceps muscle on four occasions at 3-week intervals. As
controls, mice received the corresponding constructs without inserts or plasmids
expressing GFP or live BCG. Infection was induced by injecting 5 X 10° viable
CFU of M. tuberculosis H37Rv into a lateral tail vein. Five weeks later, the
bacterial loads in the lungs and spleens were evaluated. Briefly, the organs were
weighed and homogenized in phosphate-buffered saline with a mini-bead beater
(Biospec Products, Bathesville, Okla.). Serial 10-fold dilutions of the homoge-
nates were plated on Middlebrook 7H11 Bacto agar (Difco Laboratories, Surrey,
United Kingdom). Colonies were counted 3 to 4 weeks later, and results are
expressed as numbers of CFU per gram of tissue.

Experiments were carried out in the United Kingdom according to the Home
Office Animal Scientific Act of 1986.

RESULTS

MPTS83 expression following MPT83 DNA or MPT83 RNA
transfection or injection. We initially confirmed the expression
of MPTS83 antigen by a Western blot analysis with specific
monoclonal antibodies following DNA transfection of P815 or
J774 cells (Fig. 1a) and following transfection of BHK cells
with MPT83 RNA (Fig. 1b), synthesized using a Sindbis virus-
derived expression vector system (23). We next compared the
kinetics of MPT83 gene expression in vivo following intramus-
cular gene injection of mice by RT-PCR. We found that while
specific MPT83 expression was detectable in DNA-immunized
mice for at least 50 days following injection, immunization with
RNA led to transient MPT83 gene expression, which was de-
tectable for up to 12 h but was undetectable 24 h after injection
(Fig. 1c and d).

Immune responses induced after MPT83 DNA or RNA in-
jection. Consistent with the results of gene expression in vivo,
antigen-specific immunoglobulin G antibody responses were
detected after a series of intramuscular MPT83 DNA or
MPT83 RNA injections (Fig. 2a). In addition, spleen T cells
from either MPT83 DNA- or MPT83 RNA-injected mice spe-
cifically secreted IFN-vy in vitro in response to MPT83 protein
stimulation (Fig. 2b). These responses, however, were not ob-
tained after injection of DNA or RNA vectors that did not
contain the mycobacterial MPT83 gene. We also tested the
ability of immune CD8" T cells to lyse MPT83-transfected
cells in standard CTL assays. Cells from mice that were vacci-
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FIG. 1. MPTS83 antigen expression following MPT83 DNA or MPT83 RNA transfection. Western blot analysis of MPT83 expression by J774
(a)- or BHK (b)-transfected cells. Whole-cell extracts were prepared from two independent J774 cell lines stably transfected with CMV4.83 or BHK
cells transiently transfected with MPT83 RNA prepared according to the protocol described in Materials and Methods. Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted onto nitrocellulose membranes, and incubated with the specific anti-MPT83
monoclonal antibody 12/6/1. Also shown are kinetics of MPT83 expression, in vivo, following intramuscular injection with MPT83 RNA (c) or with
MPT83 DNA (d). Total RNA was purified from the injected muscles and reverse transcribed, and the cDNA was amplified by PCR using
MPT83-specific primers. The plasmids used were pCMV4.83 (lanes 1), pPCMV3.83 (lanes 2), and pMGD20.83 (lanes 3) (24). The MPT83 RNA
was synthesized in vitro using the plasmid pSinRep5.83 as the DNA template and the SP6 transcription kit as described in Materials and Methods.

nated with either MPT83 DNA or MPT83 RNA induced sig-
nificant lysis of MPT83-transfected cells, whereas cells from
mice that received control DNA or RNA vectors did not show
any cytotoxic activity (Fig. 2c), demonstrating that immuniza-
tion with MPT83 RNA or DNA resulted in specific priming of
humoral and cellular immune responses.

Protection against M. tuberculosis infection by immunization
with MPT83 DNA or MPT83 RNA. We then compared the
abilities of MPT83 RNA and DNA injections to confer pro-
tection against tuberculosis after challenging vaccinated ani-
mals with M. tuberculosis H37Rv, 4 weeks after the last poly-
nucleotide injection. We demonstrated that MPT83 DNA or
MPTS83 RNA vaccination induced a modest but significant
protective effect in mice after challenge infection (Fig. 2d)

(P < 0.05, Student’s ¢ test). However, while both MPT83 DNA
and MPT83 RNA induced significant short-term protective
responses, only MPT83 DNA-vaccinated mice exhibited sig-
nificant protection when they were tested 6 months after
vaccination (Fig. 2e) (P < 0.05, Student’s ¢ test). CMV4 and
Sin.GFP vector control-vaccinated mice showed no significant
protection when they were compared to nonvaccinated mice
(data not shown). In addition, we analyzed in greater detail
antigen-specific immune responses from MPT83 DNA- or
MPT83 RNA-vaccinated mice by measuring IL-2 and IFN-y
responses from immune T cells, restimulated in vitro with
synthetic 20-mer peptides spanning the complete sequence of
the mature MPT83 mycobacterial antigen (Fig. 3a). We ob-
served that the patterns of reactivity were consistently very
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FIG. 2. Immune responses induced after MPT83 DNA or RNA injection. Groups of three to five BALB/c mice received MPT83 DNA
(CMV4.83) or MPT83 RNA (Sin.83) intramuscularly on four occasions at 3- to 4-week intervals or were immunized similarly with a DNA control
(CMV4) or RNA control (Sin.GFP). Humoral and cellular responses were determined 4 weeks after four DNA or RNA injections. A group of
mice received one injection of BCG vaccine intradermally, and an additional group of mice (Naive) was not vaccinated. (a) Antibody levels from
pooled sera (diluted 1:1,000) from three to five immunized mice tested against the recombinant MPT83 antigen. The mean absorbance readings
of triplicate determinations are shown. Standard deviations were less than 20%. OD s, optical density at 450 nm. (b) IFN-y produced by immune
T cells from vaccinated mice in response to MPT83 antigen stimulation. (c¢) Induction of MPT83-specific CTL activity after MPT83 DNA or
MPT83 RNA injection. Specific CTL activities were determined in triplicate against P815.83 cells as described in Materials and Methods. No
significant differences from values for P815 control cells were observed. Also shown are percentages of lysis of effector cells from MPT83 DNA
(@), MPT 83 RNA (O), a control RNA vector (), a control DNA vector (<), and BCG-vaccinated (A) or Naive () mice. (d and e) Protection
against M. tuberculosis infection by immunization with MPT83 DNA or MPT83 RNA. Groups of five BALB/c mice were injected with MPT83 DNA
(CMV4.83) or MPT83 RNA (Sin.83) as described in Materials and Methods and 4 weeks (d) or 6 months (e) later were infected with virulent M.
tuberculosis H37Rv. Controls were BCG-CMV4 (DNA)-, or Sin.GFP (RNA)-vaccinated mice; 6 weeks later, the number of live bacteria (mean
+ standard deviation) in the lungs was determined. Results shown are from one representative experiment of two or three separate experiments.

similar, with significant levels of IL-2 (Fig. 3b) and IFN-y (Fig. 16) or when they are given as DNA vaccines to mice (7, 8, 10,
3c) being produced by immune T cells in response to peptides 22,25). In this study, we demonstrated that DNA or RNA gene

spanning the C-terminal region of the molecule. constructs expressing MPT83 were able to induce protective
immunity against virulent M. tuberculosis challenge in mice; it

DISCUSSION should be stressed, however, that the protective response ob-

Recent evidence indicates that several mycobacterial anti- ~ tained was modest compared to those of other mycobacterial

gens can generate significant levels of protective immunity ~ antigens and was not better than that of the BCG vaccine (7, 8
when they are administered with adjuvants to guinea pigs (1, 22, 25). In addition, an interesting aspect of our study is that
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FIG. 3. Specific T-cell responses induced after MPT83 DNA or
MPT83 RNA injection. (a) A series of overlapping peptides spanning
the MPT83 sequence was used to characterize the fine T-cell reactivity
of MPT83 RNA- or MPT83 DNA-vaccinated mice. (b and c¢) IL-2 (b)
and IFN-y (c) production by immune T-cell cultures from MPT83
RNA (black bars)- or MPT83 DNA (hatched bars)- vaccinated mice,
in response to 10 pg of each peptide/ml. Results shown are for pep-
tides that demonstrated some reactivity. Cytokine responses were de-
termined 2 weeks after the last MPT83 DNA (CMV4.83) or MPTS83
RNA (Sin.83) injection. Results shown are from one representative
experiment of two separate experiments. ELISA readings were assayed
in duplicate, with standard deviations being <20%.

1 2 3 5

INFECT. IMMUN.

while both MPT83 DNA and MPT83 RNA induced significant
short-term protective responses, only MPT83 DNA-vaccinated
mice exhibited significant protection when they were tested 6
months after vaccination. It is tempting to speculate that the
longer persistence of antigen expression in MPT83 DNA-vac-
cinated mice, 40 to 50 days after DNA injection in contrast to
10 to 12 h in the case of MPT83 RNA, is necessary for the
maintenance of protection in our model. This notion is con-
sistent with the work of Ochsenbein et al. (15), who demon-
strated, using lymphocytic choriomeningitis virus infection in
mice, that while the frequency of memory CD8" T cells was
largely independent of antigen persistence, the protective abil-
ity of these cells was correlated with in vivo persistence of the
antigen.

It is clear, however, from our results that MPT83 DNA- and
MPT83 RNA-vaccinated mice generated antigen-specific, cell-
mediated, and humoral immune responses. Similar antibody
levels were generated, and the IL-2 and IFN-y responses se-
creted by immune T cells in response to recombinant antigen
stimulation were also comparable when the mice were tested 4
weeks after three or four polynucleotide injections. We con-
cluded, therefore, that RNA vaccination achieved priming of
specific immune responses; the transient nature of the expres-
sion seen with RNA immunization is likely to minimize many
of the safety issues which have been raised for DNA vaccina-
tion. However, immunization with RNA appears to result in
short-lasting protective immunity. This approach, therefore,
combined with efficient strategies specific for in vivo boosting
of the immune responses using different vectors (18, 20), could
be an important tool for the development of safer and more-
effective vaccines against tuberculosis.
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